Chapter I. INTRODUCTION

Precision measurements of the properties of the neutron present an opportunity to search
for violations of fundamental symmetries and to make critical tests of the validity of the
Standard Model (SM) of Electro-Weak (EW) Interactions. These have been pursued with
great energy and interest since Chadwick [1] discovered the neutron in 1932. The
currently accepted values for the properties of the neutron, and related particles, from the
Particle Datagroup [2] arelisted in Tables|.A and I-B. In the past few years, the
development of more intense sources of cold and ultracold neutrons and the invention of
new trapping and detection techniques have sparked a new attack on these fundamental
measurements. Examples of these are the new measurement of the neutron lifetime being
developed with a“He based ultra-cold neutron (UCN) trap at the NIST reactor [3] and the
new proposed measurement of the neutron beta decay asymmetry parameter, A, using a
solid deuterium based UCN moderator at LANSCE [4].

In this proposal we discuss a new technique for searching for the electric dipole moment
(EDM) of the neutron which offers unprecedented sensitivity. It is based on the
traditional magnetic resonance technique in which a neutron’s magnetic dipole moment is
placed in a plane perpendicular to parallel magnetic and electric fields, By and Ep. It
will precess with a Larmor frequency, V p, (Hz),

hv,=2u,B, +2d,E,] , (1.1)

Here t, (dp) is the magnetic (electric) dipole moment of the neutron, (see Table I-B),
where Lnudear 1S the nuclear magneton.

Table I-A. Experimental limits on the EDM of fundamental particles, [2].

Particle Experimental EDM Value/ Limit (eldm)
Electron, e 0.18 +0.16 +0.10 x 10
Neutron, n <0.63x 10 °[90% C.L.]
Proton, p 3.7+63x107°
Lambda Hyperon, A <15x 10 °[95% C.L.]
Tau Neutrino, v, <52x10" [95% C.L]
Muon, i 3.7+34%x107"
Tau, 7 <31x10°[95% C.L]

The impact of the E field on the precession of the neutron is characterized by the first
moment of the neutron charge distribution, d,, its EDM. All experiments to date have
assigned a zero value to the neutron EDM.



Table1-B. Fundamental properties of the neutron, atomic *He, and superfluid “He, [2].

The Neutron
Intrinsic Spin, S 1/2h
Mass, mp, 939.565330 + 0.000038 MeV
1.00866491578 a.m.u.
Mean Life, 1, 886.7+1.9s
Magnetic Moment, -1.91304272 + 0.00000045 Lnuclear
Electric Dipole Moment, dp, <0.63x10 " [90% C.L.]
Electric Polarizability, ap, 0.98 +0.21 x 10~ fm’
Charge, q 04+11x10%e
Atomic *He
Intrinsic Nuclear Spin, S 1/2h
Mass, Mz 3.016030 am.u.
Mean Life, T3¢ stable
Magnetic Dipole Moment, (3o —2.12762486 Linuclear
Uspe/ Hn 1.11217
Electric Dipole Moment, ds}ye ~0
Superfluid ‘He
Density at 3.5°K 0.14 gm/cm®
Dielectric Constant, € 1.05 &g

Searches for the EDM of the neutron date back to a 1957 paper of Purcell and Ramsey [5].
This led to an experiment using a magnetic resonance technique at ORNL, where they
established a value of dy, =—0.1 + 2.4 x 10 eldm [6]. Using Bragg scattering, an
MIT/BNL experiment used neutron scattering from a CdS crystal to search for the neutron
EDM [7], and obtained avalue of d, =2.4 £3.9 x 10 eldm. Inthe intervening 30 years,
a series of measurements of increasing precision have culminated in the current best limit
of dy <0.63x 10" eldm [90% C.L.] obtained in measurements at the ILL reactor at
Grenoble [8]. Thus there has been an impressive reduction with time of the experimental
limit for d, asillustrated in Fig I-1 and reviewed in Chapter I11.



We describe here a new technique [9] that promises atwo order of magnitude
improvement over the ILL result [8]. An overview of this new technique is presented in
Section IV of thisproposal. A detailed and quantitative analysis of the method is
presented in Section V.
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Fig. I-1. Upper limits of neutron EDM plotted as a function of year of publication. The solid circles
correspond to neutron scattering experiments. The open squares represent in-flight magnetic
resonance measurements, and the solid squares signify UCN magnetic resonance experiments.

The physics motivation for these measurements has been widely discussed. A search for
anon-zero value of the neutron EDM isasearch for aviolation of T invariance. To date
there is only one measurement (a comparison of neutral K and K meson decay) in
which T violation has been seen directly [10]. The asymmetry in these ratesis found to
be 6.6 +1.3+1.0 x 10". Inthe EW sector, one has astrong prejudice that the combined
symmetry operation, CPT, isinvariant in all processes. However, examples have been
known for several decades where both P and C invariance are separately violated. Thus



observation of aviolation of T invariance through measurement of the neutron EDM
would be of fundamental significance.

The SM prediction for the neutron EDM, as characterized by the CKM matrix, is at the
10" edm level, below the reach of current measurements by six orders of magnitude
[11]. Although no violation of the SM has been observed (except perhaps for recent
measurements of the neutrino mass), there are many proposed models of the EW
interaction which are extensions beyond the SM and which raise the predicted value of
the neutron EDM by up to seven orders of magnitude (see Chapter I1). Some of these
are already excluded by the current limit on the neutron EDM. The proposed
experiment has the potential to reduce the acceptable range for predictions by two orders
of magnitude and to provide a significant challenge to these extensions to the SM.
Conversdly, if anew source of CP violation is present in nature, beyond the CKM
matrix description in the SM, and which is relevant to this hadron system, this
experiment offers an intriguing opportunity to measure a non-zero value of the neutron
EDM.

Our understanding of the origins of baryogenesis provides one reason for thinking that
other sources of CP violation might exist beyond that found in the K-Kbar and B-Bbar
systems. In the Big Bang one expects the generation of equal populations of particles and
anti-particles. Current experimental observations yield the predominately particle
universe and we have no mechanism that would push the anti-particle universe away to a
different region of space. Thusit istempting to assume that in some unknown reaction
process, occurring early in the life of the universe and involving CP violation, the anti-
particles were largely consumed. The required character of this unknown process has
been analyzed by Sakharov [12] as discussed in Chapter 1. Recent cal culations suggest
that the strength of the CP-violating mechanism required to produce the observed baryon
asymmetry, would have to be much stronger than that required to explain the &
measurements in theKK system [13]. This observation provides a hint that the SM
calculation may not be complete and invites investigation of extensionsto the SM. Thus
predictions that the EDM of the neutron may be larger than the predictions in the SM
need to be taken seriously.

The current experimental limits on the EDM of other fundamental particles, are
compared with the neutron in Table I-A. We believe the EDM of the neutron and the
electron provide the most sensitive tests of the SM. In theories of the weak interaction,
the EDM of the electron is zero in first order. There have been a number of precision
measurements of the EDM of paramagnetic atomic systems, from which limits for the
EDM of the electron can be inferred. For example, the measurementsin Tl by Commins
et al [14] suggest a value of 0.18 + 0.12 + 0.10 x 10° el@m. This experimental limit is
about 13 orders of magnitude above the SM predictions. The electron EDM is discussed
further in Chapter I1.



Thus a neutron EDM measurement, with two orders of magnitude improvement over the
current experimental limits, presents an excellent opportunity to challenge the extensions
beyond the SM and to search for new physicsin the CP sector. It also provides an
opportunity to search for T violation in non-strange systems. A review of the physics
implications of neutron EDM measurements is presented in Section |1 followed by a
discussion of previous EDM measurementsin Section I11. After a description of the
proposed technique in Sections |V and V, we discuss the collaboration, schedule, and
costs associated with this project in Chapters VI and VII. Some outstanding technical
issues are discussed in Appendix A.
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